We propose the use of a quantum cascade approach to achieve photon emission from intersubband cavity polariton states. Judicious quantum engineering of the electronic band structure and of the microcavity resonator allows one to obtain emission in the strong light-matter coupling regime under electrical excitation. In particular, we show that, using InP-based multiple quantum well structures, large polariton splittings of about 40 meV can be obtained within the mid-infrared range of the electromagnetic spectrum (intersubband transition energy ≈130 meV, corresponding to λ ≈ 9-10 µm). The calculations show that the effect is robust with respect to substantial changes of the electronic doping density or of the linewidth of the intersubband transition.
Introduction
The spontaneous emission properties of an atom, an electronhole pair or a generic electronic excitation can be altered when the photonic environment is artificially modified [1] . In semiconductor material devices, a microcavity can be conveniently used to achieve this goal, since the extreme confinement of the electromagnetic field alters considerably its density of states [2, 3] .
If the coupling between the electronic transition and the microcavity photon mode is faster than the damping rates, new normal modescalled microcavity polaritons-may arise. Polaritons are the true eigenstates of the photon-matter Hamiltonian, and they exhibit a characteristic spectral anticrossing behaviour (with the appearance of the polariton normal-mode splitting or vacuum Rabi splitting) as a function of the energy detuning between the bare cavity photon mode and the material excitation. In semiconductor systems, most of the activity concentrates on the strong coupling between cavity photons and interband excitons [4] [5] [6] , and has led, for example, to spectacular parametric amplification effects [7] . The investigation of the strong coupling regime between intersubband (ISB) transitions in semiconductor quantum wells (QWs) and cavity photons is instead in its infancy. Only recently intersubband polaritons have been experimentally demonstrated (remarkably up to room temperature) through absorption spectroscopy in a two-dimensional electron gas (2DEG) achieved in a modulation-doped multiple quantum well structure [8] and in intersubband photodetectors [9] . However, ISB transitions show great potential in the midand far-infrared ranges of the electromagnetic spectrum. Photonic devices based on ISB transitions in QWs-such as quantum cascade (QC) lasers [10] and quantum well infrared photodetectors (QWIP) [11] -are among the examples of very successful applications. A key ingredient of this success has been the use of electrical pumping and the possibility of covering the mid-and far-infrared regions of the spectrum. It is clear, therefore, that the demonstration of photon emission from ISB polaritons under electrical injection is an important goal to achieve in order to open the way to possible device applications. The promise is to obtain superluminescent devices, large frequency tuning at mid-and far-infrared wavelengths and, in the long term, generation of correlated photon pairs, as predicted in a recent theoretical work [12] . In this paper, we propose a strategy to achieve the first milestone, i.e., optical emission from intersubband polaritons in a current injection device.
Engineering of the electronic states
There are two essential requirements to obtain a polaritonic light-emitting device using a transition between twodimensional subbands in a quantum well (called |1 and |2 ):
(i) Resonant electron injection into an excited state.
(ii) A density of electrons N 1 in the fundamental subband |1 much larger than the density N 2 in the excited subband |2 (i.e., a regime far from population inversion).
Requirement (ii) (see [12] for a comprehensive theoretical treatment) can be understood in the following intuitive way. The vacuum Rabi splitting is the manifestation-in the frequency domain-of the periodic energy exchange that takes place between the cavity photon field and the semiconductor polarization field in the time domain through an alternation of spontaneous photon emission and absorption. In the presence of a two-dimensional electron gas populating the lowest subband |1 , if a photon is excited in the cavity, then it will be absorbed with the creation of an intersubband excitation on top of such electron gas. If the vacuum Rabi frequency is larger than the electronic and photonic losses, the intersubband excitation will be annihilated with the spontaneous emission of a photon and so on. This vacuum Rabi oscillation lasts until the photonic and electronic losses eventually take over. On the other hand, when the two subbands |1 and |2 have the same electron density distribution (onset of population inversion), the intersubband transition becomes transparent and the polariton splitting vanishes. If the system is strongly inverted, the excitation of one photon in the cavity will initiate a stimulated photon emission and no reversible energy exchange between cavity photons and intersubband excitations is possible (photon lasing instability). The collapse of the polariton splitting in the presence of filling of the excited bands and the transition from the strong coupling to the weakcoupling lasing regime are already known in the community of interband cavity exciton-polaritons [13] .
To avoid any possible misunderstanding, we wish to point out that the polariton normal-mode splitting is already present in a semiclassical description of the light-matter interaction (Maxwell equations with a Drude-Lorentz-like dielectric response for the active medium) and coincides exactly with the vacuum Rabi splitting appearing in a fully quantum description of the photon and crystal polarization fields. As pointed out in the seminal paper by Hopfield [14] , the spectral equivalence between the classical and quantum description occurs because in the weak excitation limit, the electronic polarization field behaves like a harmonic oscillator (it is well known that the spectrum of a harmonic oscillator is the same when one moves from a classical to a quantum description). In the case of ISB cavity polaritons [12] , the weak excitation limit is achieved when requirement (ii) is fulfilled (i.e., when the number of intersubband excitations is much smaller than the total electronic density). However, even though the semiclassical description allows one to understand the spectral properties of the polariton excitations, it is unable to treat intriguing quantum electrodynamic properties such as the spontaneous emission of correlated photon pairs or the occurrence of two-mode squeezing in the quantum ground state [12] . Figure 1 . The electronic band structure of the proposed quantum cascade device engineered to achieve light emission in the strong light-matter coupling regime. The structure is conceived to create a dense two-dimensional electron gas in the fundamental subband |1 (thus avoiding the population inversion between states |1 and |2 ). All the wells except the largest one, where the optical transition takes places, are doped 1.5 × 10 17 cm −3 . A self-consistent Schrödinger-Poisson calculation is necessary to take into account the band-bending effects. τ 21 is the total scattering time for electrons from subband |2 to |1 . τ out is the tunnelling time from subband |1 to the injector states A standard QC laser structure is not suitable for realizing an intersubband polaritonic light-emitting device, since it satisfies requirement (i) only. However, a QC light-emitting structure satisfying also requirement (ii) can be designed. As a first illustrative example, we will consider a QC-like structure where the active region is composed of a single QW (see figure 1) .
A very simple rate equation model [15] allows us to write the population density difference (per unit area) between subbands |1 and |2 , which we need to maximize, as follows,
where N 2 is the density of electrons in state |2 , N 1 is the density populating the fundamental subband |1 , τ 2 is the total scattering time out of subband |2 , J is the current density, q is the electron charge, τ out is the tunnelling time from |1 into the injector states, τ 21 is the total electronic scattering time from |2 to |1 , N g is the injector electron sheet density, V is the applied electric bias, and (V ) is the energy difference between state 1 and the injector quasi-Fermi energy (which is a function of the applied bias). The ideal structure therefore must exhibit τ out > τ 21 , a large N g and a small (V ). The last two requirements can be met by the introduction of high doping levels, and by the use of a narrow injector. The first requirement can be met by acting on the extraction barrier [16] . A possible design is proposed in figure 1 , using the InGaAs/AlInAs-on-InP semiconductor material system. The details of the structure are in the caption. A doping density of n = 7 × 10 11 cm −2 has been introduced. The dopants were therefore spread on all the injector wells in order to reduce the band-bending effects. τ out = 1.5τ 21 (estimated using the known formula τ ∼ πh/ E) can be obtained with a sufficiently thick barrier, and from equation (1) we infer a value of approximately 3.5 × 10 11 cm −2 for N 1 − N 2 at 77 K, and 4.3 × 10 11 cm −2 at 300 K ( was set at 45 meV, as in figure 1 ). Besides the temperature, N 1 − N 2 can be efficiently tuned by the applied external bias, thanks to the dependence of on the external voltage V . For instance, for a bias that yields = 14 meV the same value of 4.3 × 10 11 cm −2 for N 1 −N 2 can be obtained at 77 K, instead of 300 K. The electric field offers therefore a dramatic control of the vacuum Rabi splitting through an external adjustable knob. It should be noted that τ 2 and τ 21 in equation (1) 
Engineering of the photonic states
Engineering a microresonator for a unipolar device presents some difficulties, mainly related to the intrinsic transversemagnetic (TM) polarization typical of ISB transitions [17] . Tredicucci et al [8] implemented for their experiment a resonator based on total internal reflection. In order to make the resonator compatible with electrical injection, a semiconductor-metal interface must be used as a top mirror, while the bottom reflector can still be based on total internal reflection. However, the use of an InGaAs/AlInAs heterostructure grown on an InP substrate is probably a wiser choice than GaAs/AlGaAs, given the InGaAs lower effective mass (m InGaAs = 0.0485, while m GaAs = 0.067). Furthermore, InP (n = 3.08) acts as a natural cladding material for the InGaAs/AlInAs active region (n ≈ 3.3). The resonator should be designed to maximize the polariton splitting frequency pol . Achieving a large ratio between the Rabi and the ISB transition (ω 21 ) frequencies is of great interest, since it will allow a large frequency tuning of the intersubband polariton emission.
The normal-mode (vacuum Rabi) splitting pol of the ISB cavity polaritons (defined as the minimum energy splitting between the lower polariton and upper polariton branches) can be approximated by the following analytical formula [12] ,
where e is the electron charge (we use Gaussian units),
h is the intersubband oscillator strength with m 0 the free electron mass and d 12 the transition dipole (f 12 = 0.96m 0 /m * for an infinite potential well with electronic effective mass m * ). θ res is the cavity photon propagation angle (see figure 2 , the bottom panel) for which the cavity photon energy becomes resonant to the intersubband transition. n eff QW is the effective number of active quantum wells in the cavity spacer. L eff cav is the effective length of the cavity photon mode. Both n eff QW and L eff cav depend on the spatial shape of the cavity photon mode, which depends non-trivially on the boundary conditions imposed by the specific mirror structures. These features are automatically taken into account by a full solution of the Maxwell equations, for example, within a transfer-matrix approach. Finally, ∞ is the averaged dielectric constant of the cavity spacer. It follows that, for a given intersubband emission wavelength and type of semiconductor, enhanced values of pol occur at a finite value of the zero-detuning angle θ res and for large population density differences. Equation (2) also shows analytically the incompatibility between polariton normal-mode coupling and intersubband population inversion, which was already pointed out in section 2. In fact, when the two subbands are equally populated (i.e., onset of inversion), N 1 −N 2 = 0, meaning that the polariton splitting (the so-called vacuum Rabi splitting) vanishes. In the presence of inversion (N 1 − N 2 < 0), pol becomes purely imaginary, meaning that no polariton strong coupling is present any longer (no reversible Rabi oscillations between photons and material excitations), while the system presents an ordinary instability due to stimulated photon emission.
Design of an InP-based intersubband polaritonic light-emitting device
Following these design rules, a proper microcavity resonator can be engineered. Calculations have been performed within a standard transfer-matrix approach, which solves exactly the Maxwell equations for a planar structure. The indices of refraction of the doped layers have been obtained within a Drude-Lorentz approximation (the values for the undoped material and for the metal have been taken from [18] ). In each active quantum well layer, the TM intersubband transition has been modelled through the following complex dielectric function,
where L QW is the effective quantum well width and γ is the full width at half maximum (FWHM) of the intersubband transition. In our simulation, the total intersubband transition dipole moment is d 12 = 2.35 nm, corresponding to a transition wavelength of ∼9.5 µm. Note that the transfermatrix results have been obtained with the inclusion of all the doped semiconductor contact layers, the top gold metal contact and the free carrier absorption effects, in order to keep the numerical simulation as close as possible to a realistic situation. Figure 2(a) shows the optical density spectrum (proportional to the absorption coefficient) as a function of energy and of the cavity photon propagation angle θ (which is equivalent to a detuning) for the complete structure.
In the present work, we have calculated through a transfer-matrix method the optical density of the considered microcavity system, which is proportional to the absorption spectrum α(ω). The spontaneous emission spectrum, which is the output of an electroluminescent device, depends on the optical density and on the distribution of the excited carriers. In the simplified case of a thermalized distribution of carriers within each subband, the emission spectrum I PL (ω) is linked to the absorption spectrum α(ω) [19] ; namely,
, with µ being the joint chemical potential for the two considered subbands and T the effective temperature of the carriers [20] . This is the so-called Kubo-Martin-Schwinger relation between emission and absorption. In the present context, we consider the situation in which most of the carrier population is concentrated in the fundamental subband with µ hω 12 . In this limit, we have g(ω) ≈ e −hω/(kBT ) , hence a simple Boltzmann factor relating the emission to the absorption spectrum. Note that in the case of large polariton splittings compared to k B T , the emission from the upper polariton can be significantly smaller as compared to emission from the lower branch, even though the absorption peaks are comparable. In the more general case of a non-thermal distribution, the connection between the absorption and the emission spectrum is less straightforward and one would need to determine the non-equilibrium function g non-eq (ω) through a self-consistent calculation of the intersubband quantum kinetics of the carriers (i.e., more than a rate equation model for the population), which is clearly beyond the scope of this paper [21] .
The simulated structure consists of the active region of figure 1 (26 periods) sandwiched between an InP substrate (n-doped to 2 × 10 17 cm −3 ) and n-doped InGaAs top contact cladding layers. A scheme of the resonator and of a possible experimental geometry is reported in the bottom panel of figure 2 . The losses were carefully taken into account through the imaginary part (k) of the index of refraction in each layer. A polariton energy splitting of approximately 41 meV (defined as the minimum energy separation between the two polariton resonances) is clearly visible at the zero-detuning angle (≈70.5
• ). Note that even at this resonant angle, the lineshape and intensity of the lower and of the upper polariton peaks are asymmetric. In fact, in a total internal reflection resonator, the penetration of the cavity photon wavefunction into the substrate (hence the finesse of the resonator and the coupling to the external electromagnetic field) are frequency dependent. Due to the giant polariton splitting achieved in the proposed system, the lower and upper polariton resonances experience • (zero detuning) calculated for three different electronic densities N s = N 1 − N 2 and a FWHM broadening γ of 8 meV for the ISB transition. A decrease of one order of magnitude in N s reduces the polariton splitting by a factor of √ 10 ≈ 3. However, the strong coupling would be still detectable experimentally. (c) Optical density spectra at θ = 70.5
• (zero detuning) calculated for different values of the FWHM broadening of the ISB transition. The electronic density N s is 3.5 × 10 11 cm −2 , and the transition dipole moment is 2.35 nm. The effect is still detectable even with the FWHM set to 15 meV. As described in the text, the optical emission can be obtained from the optical density through the Kubo-Martin-Schwinger relation. a significantly different photonic confinement, making their properties asymmetric even when the bare cavity photon frequency is resonant to the bare intersubband transition, as is achieved in this case at 70.5
• .
Robustness towards doping fluctuations and ISB transition broadening
The calculation reported in figure 2(a) has been obtained assuming a charge sheet density N s = N 1 − N 2 = 3.5 × 10 11 cm −2 in the well, a transition dipole moment of 2.35 nm, and a realistic ISB broadening-defined as full width at half maximum (FWHM)-of 8 meV. It is now important to evaluate how robust is the strong coupling regime towards changes of the electronic density and of the ISB broadening, since in a real experiment these parameters are subjected to a certain variability. The contour plot in figure 2(b) reports the calculated optical emission-as a function of energy and θ-when the density is reduced by a factor of 10 to N s = 3.5 × 10 10 cm −2 . On the other hand, figures 2(c) and (d) show the emission when N s = 3.5 × 10 11 cm −2 , but with a FWHM of 4 meV and 15 meV for the ISB transition, respectively. It is clear from the plots that the density-and not the broadening-has the most dramatic effect on the spectral properties. As a matter of fact, a clear anticrossing with a large polariton splitting pol is present even when the FWHM of the ISB transition is set to a larger value of 15 meV. This finding is further clarified in figure 3 . Panel (a) shows several simulated spectra around the zero-detuning condition. Figures 3(b) and (c) show the zero-detuning emission spectra for three doping densities and FWHM, respectively. A decrease of an order of magnitude in the doping density N s reduces the splitting by a factor of 3, in agreement with the analytical formula in equation (2) . However, the simulation shows that even in these unfavourable conditions the polaritonic effect is still present and experimentally detectable.
Conclusions
In conclusion, we have proposed electrical injection devices that generate light emission from intersubband cavity polaritons. As a first illustrative example, we have proposed a specific quantum cascade structure using lattice-matched InGaAs/AlInAs multiple quantum wells grown on an InP substrate. The calculations show that large Rabi splittings of ∼40 meV can be obtained for emission in the mid-infrared (≈9.5 µm). The predicted effect is shown to be robust with respect to potentially critical parameters, such as doping density and line broadening. We believe that the potential for a large electrostatic tuning of the emission frequency, as well as the interesting quantum electrodynamical effects (such as the emission of correlated photon pairs [12] ), should strongly encourage the experimental realization of this novel kind of polaritonic quantum cascade device proposed here.
